A brief overview on recent results of charmonium production in high-energy protonproton, electron-proton and electron-positron collisions is presented. Emphasis is given to QCD dominated production mechanisms that allow a study of the interplay between perturbative and non-perturbative effects.
Introduction
Charmonium production in high-energy collisions [1] can be described by the perturbative production of a cc pair followed by the non-perturbative transition to the charmonium state. This transition can be modelled in different ways. An attractive approach is Non-Relativistic QCD (NRQCD) [2] which uses a factorization ansatz and takes into account all possible colour and angular momentum states for the cc pair. The transition to the charmonium state proceeds via soft gluon emission and is described by long-distance matrix elements which are universal but have to be determined from data. In the older Colour Singlet Model (CSM) [3] the cc pair has to be produced perturbatively in the same quantum state as the charmonium. For the ψ states the transition rate is determined from the leptonic decay widths. The production of P wave states cannot be predicted since it leads to divergences in the calculation [4] .
Experimental results on charmonium production are dominated by J/ψ mesons due to the large cross section and the large branching fraction to leptons. The main disadvantage is the feeddown from B mesons and higher charmonium states. The feeddown is reduced for the ψ(2s) meson, which is otherwise very similar. The P wave states χ c0 , χ c1 and χ c2 offer the possibility to study a different angular momentum state.
Charmonium production at the Tevatron
The prompt J/ψ and ψ(2s) production cross section at the Tevatron is more than an order of magnitude larger than expected by the CSM in leading order (LO). Only recently calculations [5] in next-to-leading order (NLO) have been performed which improve the data description showing a larger cross section and a milder drop with the transverse momentum. The difference between the data and the CSM can be explained by additional colour-octet contributions in the context of NRQCD. In this approach the non-perturbative parameters can be extracted from the transverse momentum spectrum. A very decisive test of NRQCD is the measurement of the polarization of the J/ψ and ψ(2s) mesons. Polarization studies have the advantage of not being sensitive to the absolute rates, but need a huge amount of statistics to provide significant results. CDF Results [6] from Tevatron Run I indicated a transverse polarization (positive α) at large transverse momenta as expected from the gluon fragmentation contribution in NRQCD calculations, while the new measurement [7] with higher statistics from Run II shows a small longitudinal polarization in this region (Fig. 1 left) . Similar, but statistically less significant results are obtained for prompt ψ(2s) production. The CDF collaboration presented a measurement [8] of prompt χ c production via their decays into J/ψγ. The photon is reconstructed through conversion, which gives a mass resolution sufficient for resolving the different χ c states. The result is a ratio of χ c2 /χ c1 = 0.70 ± 0.04(stat.) ± 0.04(sys.) ± 0.06(branching fraction) with no significant dependence on the transverse momentum (Fig. 1 right) and no signal for the χ c0 . This is in contradiction to the expectation from NRQCD, where the ratios should be χ c2 : χ c1 : χ c0 = 5 : 3 : 1 according to simple spin counting rules.
3 Charmonium production at HERA In electron-proton collisions two kinematic regimes are distinguished according to the virtuality Q 2 of the exchanged photon. In the photoproduction region, where Q 2 ≈ 0, predictions for the CSM are available at next-to-leading order, while in electroproduction at larger Q 2 only leading order calculations exist. Recently new experimental results from the HERA II phase with improved statistics allow more detailed comparisons to the predictions.
Photoproduction
In general the photoproduction of J/ψ mesons at HERA [9, 10] is well described by the NLO predictions [13] in the CSM, while LO NRQCD predictions have difficulties to describe the distribution of z, the relative energy transfer from the photon to the J/ψ meson. For the J/ψ polarization [11] , where only LO calculations exist, but NLO is expected to be very
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similar, some deviations of the CSM are seen at large z, while the NRQCD calculation agrees better with the data (Fig. 2) . In J/ψ electroproduction Q 2 provides an additional hard scale which should lead to a better control of the theoretical predictions. In general the LO predictions in the CSM underestimate the data by a factor ∼ 2 − 3 and the transverse momentum distribution falls too steeply, while NRQCD can describe the normalization, but fails for the z distribution.
For a new double differential measurement [12] in z and the transverse momentum in the photon-proton centre-of-mass frame (Fig. 3) LO CSM Monte Carlo models agree well with data in shape and show, that additional colour octet contributions must be small or very similar in shape to the colour singlet terms.
Charmonium production in electron-positron-annihilations
For the J/ψ production at the Υ(4S) resonance in electron-positron collisions the momentum spectrum in the centre-of-mass frame (Fig. 4) as measured by the BaBar [14] and Belle [15] collaborations provides a test of the production mechanism. LO NRQCD calculations predict an enhancement of the cross section at large momentum which is not observed in the data, while the CSM underestimates the cross section. Including perturbative and non-perturbative resummations in the NRQCD calculation, the data can be described in shape and normalization [16] .
Conclusions
Charmonium production in high-energy collisions is a very active field of research. A wealth of experimental results is available and more data from the full statistics of the second running phase of the Tevatron and the HERA colliders are expected soon. All theoretical calculations fail to describe some of the measurements, so a coherent picture is still lacking. 
